I. INTRODUCTION
The rare isotope re-accelerator ReA at the National Superconducting Cyclotron Laboratory (NSCL) at Michigan State University (MSU) has been brought into operation recently.
1 It accelerates low-energy beams obtained from gas stopping 2 of high-energy fragments to energies of up to several MeV/u. ReA employs a novel Electron Beam Ion Trap (EBIT) charge breeder 3 as an injector for a room-temperature radio-frequency quadrupole accelerator prior to further acceleration in a superconducting linear accelerator.
Pulsed injection is an established technique for efficient capture of ions into electron beam ion traps or sources. The disadvantage of this method, however, is the need for a "buncher" ion trap 4 to accumulate continuous beams and produce pulses, which adds complexity to the entire reacceleration system. Furthermore, such a trap can be affected by large losses due to its limited space charge capacity, 5 which is especially problematic for high ion beam currents as expected for the future FRIB facility. 6 To overcome this constraint, the ReA-EBIT is designed for continuous ion injection into a high current electron beam, where the ions are accumulated and charge bred simultaneously. The capture efficiency of this injection mode strongly depends on the electron beam current density, which is also of importance for fast charge breeding of short-lived isotopes. To reach a sufficient current density, the ReA-EBIT uses a Pierce-type electron gun design with its cathode partially immersed in the EBIT magnetic fringe field. 7 Unlike the Brillouin-flow a) baumannt@nscl.msu.edu b) lapierre@nscl.msu.edu mode, this semi-immersed flow mode provides a smaller electron beam compression, but ensures an efficient transport of a high current with losses estimated to be less than 0.1% and produces a more stable beam with a rather invariable radius. 8 This article presents a measurement of the electron beam radius and current density of the new ReA-EBIT to characterize its performance as a charge breeder. The method chosen for this measurement is to image the electron beam using a pinhole camera sensitive in the X-ray regime. Unlike other existing breeders, this is possible due to the unique magnet configuration of the ReA-EBIT. This technique was first established by Knapp et al. 9 on the LLNL EBIT and has been used successfully at different EBIT facilities [10] [11] [12] [13] since then. It utilizes X-rays emitted from atomic transitions of trapped highly charged ions after excitation by the electron beam. The advantage of using X-ray emissions is the short lifetime of the involved atomic energy levels (<ns) that lead to a direct imaging of the interaction region of the electron beam with the ion cloud, since the exited ions do not have time to exit the beam before de-excitation and photon emission. In contrast, measurements in the visible regime can reveal an expansion of the ion cloud outside the electron beam by observing photons emitted from metastable states. Such measurements are used to study behavior and thermal properties of the ions for different trapping conditions. [14] [15] [16] After a brief description of the EBIT operation principle and the set-up of the pinhole camera, the measurement and detailed data analysis are discussed. A model is presented to describe the electron-ion overlap, which is needed for extracting the electron beam radius from the data and to determine the current density. 
II. ReA-EBIT AND X-RAY PINHOLE CAMERA
The ReA-EBIT 17 uses a magnetically compressed electron beam for producing and trapping highly charged ions (illustrated in Fig. 1 ). The electron beam is produced from a 6.35-mm diameter Ba-dispenser cathode and injected into a high magnetic field region, where it is compressed to a size of a few hundred micrometers. A series of cylindrical electrodes provide an electrostatic potential well that, together with the negative electron beam space charge, traps the ions. Highly charged ions are produced by successive electron impact ionization. One of the unique features of the ReA-EBIT is the configuration of its superconducting magnet, which consists of a solenoid coil and a pair of Helmholtz coils. This combines the EBIS-like advantages of a long trapping region with the possibility of direct optical access to the ion cloud through the gap between the Helmholtz coils.
In the experiment presented here, the electron beam is imaged using an X-ray pinhole camera. The camera is installed at one of seven accessible radial ports around the gap between the Helmholtz coils. The set-up consists of a stainless steel tube as a vacuum chamber for the CCD camera and an in-air pinhole mounted on an xyz-manipulator (see Fig. 2 ). The camera vacuum and EBIT vacuum are separated by two Be-windows, which are 127 μm thick each. The air gap between the two windows is about 100 mm. A pressure below 5 × 10 −9 Torr is maintained in the EBIT. The camera chamber is kept at a pressure of about 1× 10 −2 Torr to minimize the absorption of X-rays along their path. The use of an air gap allows for a simple and accessible pinhole mount.
Since the ion cloud within the electron beam is an Xray line source, an image obtained by projection on a plane parallel to the propagation direction of the electron beam is sufficient to determine its radius. Thus, a slit oriented along   FIG. 2 . Schematic view of the pinhole camera set-up (not to scale). The electron beam is imaged on the CCD camera by the slit (PH). This slit is mounted on an xyz-manipulator in an air gap between two Beryllium windows (Be). the electron beam is preferable to a pinhole as it allows for a higher photon flux to the CCD detector. The slit assembly provides a fixed slit length of 12.7 mm and an adjustable slit width from 12 mm to 25 μm. The distance between the slit assembly and the CCD is (606 ± 2) mm, while the slit is placed at a distance of (417 ± 2)mm from the electron beam. The ratio of those two distances defines the magnification factor of the system of c M = (1.45 ± 0.01).
The CCD camera is an Andor DO936 which is equipped with a back-illuminated, 2048 × 2048 pixel CCD chip sensitive to photons in a wide spectral range between the optical regime and 10 keV. The chip has a size of 27.6 mm × 27.6 mm, giving each pixel an area of (13.5 × 13.5)μm 2 . It is cooled to −50
• C by a Peltier element to reduce the background noise resulting from thermal excitations.
During the X-ray measurements the EBIT is operated with a 4 T magnetic field in the Helmholtz coil region and a 2 T field in the solenoid. An electron beam current of 803 mA with an electron energy of about 15 keV is transported through this field. All trap electrodes are set to the same potential except for the outer barrier electrodes, which are 100 V higher. Including the effect of the electron beam space charge, an axial potential well with a maximum depth of about 250 V in the Helmholtz-region is created on axis of the beam, which is kept constant throughout the measurements. Ions from residual gas such as N, O, C, and Ar as well as heavy ions produced by the cathode (Ba, Os, and W) are accumulated in the trap. Since no "dumping" is applied, i.e., the trap is not emptied periodically, the ion ensemble is assumed to reach thermal equilibrium, with light elements evaporating from the trap and highly charged Ba and W being the main constituents of the ion population. Therefore, the main contributors to the emitted X-rays are expected to be M-and L-shell transitions in Ba and W ions as well as K-shell transitions in Ar ions. The observed X-ray spectrum is cut off on its lower edge at about 2 keV by photon absorption in the Be-windows, while the upper limit of about 10 keV is given by the detection efficiency of the CCD chip.
III. X-RAY IMAGING MEASUREMENT
For the determination of the electron beam radius, a series of measurements was taken for different slit sizes and positions, while keeping all EBIT operation parameters fixed. Due to the low detection solid angle of 1.8 × 10 −5 sr for a slit size of 25 μm, an acquisition time of 1800 s was chosen to increase the signal-to-noise ratio. In the first step of data analysis, the X-ray images are corrected for a tilt of the camera and shifted to obtain a horizontal electron beam. This tilt results from a slight misalignment of the CCD pixel rows with respect to the electron beam propagation axis. An example image for a 25 μm slit is shown in Fig. 3(a) . For the image profile determination the X-ray images are projected onto the axis perpendicular to the electron beam propagation direction, as depicted in Fig. 3(b) . The width of this profile is determined by fitting a Gaussian and taking into account the CCD pixel size of 13.5 μm. The standard deviation σ of the Gaussian is used as a measure of the profile width. Several factors have to be taken into account in the determination of the electron beam radius from the measured width of the image profile. The geometry of the camera set-up provides a magnification factor of c M = (1.45 ± 0.01). Furthermore, the observed profile ( Fig. 3(b) ) is a convolution of the real profile resulting from X-ray emissions of the trapped highly charged ions and the effect of the aperture of the slit. The width of the observed profile is given by
with σ X being the width of the real profile and δ S the broadening due to the slit aperture. A broadening of the image due to diffraction at the slit is negligible for photon energies above 2 keV. To correct for the effect of the slit aperture, a series of measurements was taken with different slit widths from 25 μm to 500 μm. The result is shown in Fig. 4 , where the width σ of the measured profile (corrected for the magnification) is plotted against the slit width. As expected, the slit width has a strong influence on the observed profile if it approaches and exceeds the size of the electron beam. For this reason, a slit width of 25 μm, an order of magnitude smaller than the electron beam radius, is used for the final beam size measurement. By extrapolating the measured dependence to zero width using a third-order polynomial that approximates the convolution of the slit aperture and the real profile, the influence of a finite slit width is determined. A factor of c S = (0.97 ± 0.03) is obtained for the correction of the value measured at 25μm. A series of measurements with the slit at different vertical positions showed a dependence of the observed profile width on this position (see black triangles in Fig. 5(a) ). Moreover, when the CCD was exposed to X-ray emissions without the slit in place, the X-ray intensity image was not uniform in the direction perpendicular to the electron beam. Both observations can be explained with the line-of-sight between the camera and the electron beam being obstructed. This obstruction can be caused by a misalignment of the electron beam with respect to the trap structure leading to the line-of-sight being cut by an edge of the 3 mm wide slit aperture on the In order to analyze the influence of this misalignment and hence determine the correction factor, the CCD was exposed to X-rays without the slit assembly. A series of measurements was conducted by moving the electron gun perpendicular to the electron beam axis to slightly move the beam within the trap electrodes while keeping the camera in a fixed position. For each gun position, all counts over the CCD were summed up after subtraction of a background taken without incoming X-rays. The result is shown in Fig. 5(b) , where the initial position of the electron gun for the size measurements is marked with a dashed line. A Boltzmann function has been fit to the data points to guide the eye. A plateau of maximum 
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Rev. Sci. Instrum. 85, 073302 (2014) intensity is reached by moving the electron gun down from its initial position by 200 μm or more. Here the X-ray intensity over the CCD is uniform indicating that the line-of-sight is no longer obstructed. These measurements were performed with 100 mA electron beam current since using a current of 800 mA would have led to too high current losses for gun positions away from its initial position. From the 100 mA measurement, a correction factor for the line-of-sight obstruction is obtained that is then applied to the 800 mA measurement with the gun in its initial position. The correction factor for the obstructed optical path can be calculated from the 100 mA measurements taken with the electron gun in different lateral positions. The factor depends on the region of the CCD where the image occurs. For each slit position s seen in Fig. 5(a) , a 200 pixel wide region is selected around the image and the gun position measurement is analyzed for this region. As the intensity on the CCD is proportional to the square of the electron beam radius, a correction factor c G (s) = √ I 0 (s)/I 577 (s) can be calculated for each position from the plateau's maximum intensity I 0 and the intensity I 577 at the initial gun position of 577 μm. The resulting correction factor ranges between 1% for a slit position of s = 17.8 mm and 26% for s = 8 mm.
The red solid squares in Fig. 5(a) show the width of the observed profile after all corrections using σ X = σ c S c G (s)/c M , where σ is the measured value. Averaging over these points, one obtains σ X = (113 ± 8)μm for the size of the X-ray image.
A few major sources of systematic errors can effect this measurement. It can be shown from geometric arguments that the images (Fig. 3(a) ) observed with the 12.7 mm wide slit aperture represent a 38.9 mm long trap region in axial direction. Within this region, the magnetic field generated by the Helmholtz coils changes by about 2%, which translates to first order into a variation of the electron beam radius by the same amount. This effect cannot be observed in the measurements, since the slit does not image the beam in the axial direction, but contributes to the uncertainty of the results on the level of 2%.
Another source of systematic errors is a possible misalignment of the slit with respect to the electron beam axis. An angle between the slit and beam axis would lead to a broadening of the projected image and to an increase in the number of counts in the center of the image relative to its edges. However, the data do not show significant contributions of these effects. Furthermore, an artificial broadening is minimized in the first step of data analysis which corrects the camera tilt.
Mechanical vibrations can broaden the projected image as well. The camera is not directly attached to the EBIT, but installed on a separate table. To minimize relative vibrations between the camera and the EBIT, this table is firmly attached to the same steel frame the EBIT is mounted on. Furthermore, the camera chamber is not being pumped during the measurements to avoid vibrations caused by the pumps. A measurement of the vibrations of the steel beams and the floor using an accelerometer show a RMS amplitude of 0.8 μm. This value can be used to estimate the vibrations of the CCD camera and has to be included in the result for the image size as a systematic uncertainty.
IV. DETERMINATION OF THE ELECTRON BEAM RADIUS AND CURRENT DENSITY
To extract the radius of the electron beam from the X-ray images, the overlap of the ion cloud with the electron beam has to be considered. Finite-element electron tracking calculations of the ReA-EBIT electron gun in semi-immersed flow mode, performed with the TriComp software, show a nearly flat profile radial current density distribution in the trap. 7, 18 Based on these simulations, we assume a cylindrical electron beam with a constant current density j (r) = I/(πr 
satisfying the boundary condition V e (0) = 0 and using U e = I/(4π 0 v), where 0 denotes the vacuum permittivity and v the electron velocity. The trapped ions of charge state q are expected to be distributed within the radial potential of the electron beam following a Boltzmann distribution:
with the ion temperature T i , Boltzmann's constant k, the ion density on the beam axis n i (0), and the elementary charge e. The radial ion density distribution n i (r) can be approximated by a Gaussian profile
where σ i is the characteristic ion cloud radius and N i is the number of ions in the trap of length L. This assumption is justified for an ion cloud within the electron beam, which probes the Gaussian-like shape of the electron beam space charge potential. 14 The electric field of the ion distribution in radial direction can be obtained from Maxwell's equations by integration
From this electric field, the radial space charge potential of the ions is calculated as
where U i = qeN i /(4π 0 L) and the exponential function is expressed by a series expansion. 19 The radial potential confining the ions in Eq. (3) is a combination of the electron and ion space charge potentials given in Eq. (2) for r ≤ r b and Eq. (6) . Neglecting higher order terms of the expansion, the total potential can be expressed as Comparing the exponents in Eqs. (3) and (4) and combining this with Eq. (7), one obtains
which yields a relation between the characteristic size of the Gaussian ion cloud and the radius of a cylindrical electron beam
The photon density in the trap emitted within an acquisition time t ac is given by
using σ ex as an effective electron impact excitation cross section and assuming an instant photon emission after excitation. For a cylindrical electron beam with a uniform density and a Gaussian ion cloud, the radial photon density n γ (r) has a Gaussian shape as well, thus
where n γ (0) is the photon density on the electron beam axis and σ γ is the characteristic size of the photon distribution. Since the current density j is independent of r in this case, the size of the photon distribution equals the size of the ion cloud σ γ = σ i . Note that this relation changes to
for a Gaussian electron current density distribution with a characteristic size σ e .
The measured image on the CCD is a projection of the photon distribution onto the CCD plane. The characteristic size of the distribution is not changed by this projection, thus σ γ = σ X . The radius of the cylindrical electron beam can then be extracted from the measured X-ray profile using Eq. (9) . For this, values for U e , U i , and T i have to be determined. U e can be calculated from the known electron beam current I and energy E e . For I = 803 mA and E e = 15 keV, U e = (101 ± 1)V is obtained.
U i is proportional to the total charge of all ions in the trap (charge capacity), which depends on the axial trapping potential. It can be determined using the ion extraction system of the ReA-EBIT: 20 after extraction, the ions are first sent through an electrostatic 90
• bender for energy selection and then to a 90
• dipole magnet for charge-over-mass separation. By measuring the ion current between the electrostatic bender and the magnet, the total charge of the stored ions can be determined. Typical results yield values for U i of (7 ± 2)V under operation conditions similar to those of the X-ray imaging measurements.
The average equilibrium temperature of the ions in the trap is the parameter most difficult to determine. A common estimate 21 relates the equilibrium temperature of ions of charge state q with the axial trapping potential V ax as kT i ≈ (0.1 − 0.4)qeV ax . The results of ion extraction measurements can be used to get a better estimate of the ion temperature. By determining the width of the ion beam profile behind the energy-dispersive electrostatic 90
• bender, the energy spread of the ion beam can be calculated. This spread mainly results from the distribution of the ions in the radial electron beam potential as well as the width of the ion temperature distribution, which both depend on the ion temperature. These measurements yield a temperature per charge of T i /q = (39 ± 3)eV or kT i ≈ (0.15 ± 0.02))qeV ax for the trapping conditions used during the X-ray measurements. 22 Using these values and the measured ion cloud size in Eq. (9), the radius for a cylindrical electron beam is calculated to be r b = (237 ± 22)μm. It is more common for comparison to give the 80%-radius, which is defined as the radius of the beam containing 80} of the total beam current I. An 80%-radius of r 80% = (212 ± 19)μm is obtained. From the measured radius, a current density of j = (454 ± 83)A/cm 2 between the Helmholtz coils in the 4 T field for 803 mA beam current can be deduced. These results and the values used for the calculation are summarized in Table I .
V. DISCUSSION OF THE RESULTS
Tracking simulations of the electron beam with TriComp including the electron gun parameters and the 4 T field in the Helmholtz region used for the beam size measurement, 7 predict an 80%-radius of r 80% = 208 μm. This result agrees with the measured value within the uncertainty. Note that the simulation result also has an uncertainty that is influenced by, e.g., the uncertainty of the magnetic field at the cathode and a possible misalignment of the set-up. The measurement serves as a test for the electron beam trajectory simulations and shows, that the simulations can provide reliable results, which is the basis for a future optimization of the electron gun design.
The charge breeding efficiency of the EBIT for continuous ion injection can be used to estimate the electron beam current density. Experiments with stable 39 K ions result in a total charge breeding efficiency of up to 30% (calculated from the ion yield in all charge states compared to the incoming, singly charged ion current) and 6% for 39 K 15 + ions. 3 This efficiency can be predicted for a given current density by a simplified model of the ion capture in the EBIT. 7, 18 For this purpose, the magnetic field configuration of 4 T in the Helmholtz region and 2 T in the solenoid has to be taken into account. The lower solenoid field leads to an expansion of the electron beam to a higher radius and thus a lower current density. A current density of about 550 A/cm 2 in the 4 T region, leading to an average current density of about 380 A/cm 2 over the full length of the trap, is necessary to reach a capture efficiency of
